Background and Aims Landrace populations represent an important intra-crop reservoir of biodiversity and source of novel gene alleles for use in breeding programmes. Here the aim was to measure the diversity of a wheat landrace, 'Barbela', from the north of Portugal.
I N T R O D U C T I O N
Old bread wheat (Triticum aestivum) landrace populations represent an important genetic resource that can be used to improve modern varieties (Feldman and Sears, 1981) by introducing new alleles or combinations of genes. This heterogeneity has not been analysed systematically (Nevo and Payne, 1987) , and such landraces may include genetic sources of biotic and abiotic stress resistance, especially in environments not tested in major breeding programmes, and also quality, yield and resistance genes. Diversity levels of populations may change rapidly with changing environment, with socio-economic factors such as the introduction of new varieties, the movement of people with their germplasm, and commercial marketing of both seed for planting and the grain produced, or with changing agronomic practice including cultivation methods and use of fertilizers or pesticides. However, there is no clear evidence that crossing of elite varieties in major wheat breeding programmes has lead to any systematic narrowing of overall diversity over the last 100 years (Donini et al., 2000; Christiansen et al., 2002) .
Within defined populations, limited plant diversity studies have been conducted based on morphological (phenotype) analysis and sometimes cytogenetics, pedigree records or biochemical (e.g. isozyme) analysis (Thomas et al., 1993; Volis et al., 2001) . Genome-marker technologies are particularly valuable for analysis of crops such as wheat with relatively low levels of genetic diversity Röder et al., 1995; Korzun et al., 1997) and clonal species including many grasses (Li and Ge, 2001) , where there are few morphological markers. DNA markers may eliminate the limitations associated with both polymorphism level and numbers of morphological and biochemical markers, especially for screening diversity within landraces. Markers that detect high levels of polymorphism between cultivars help to improve the efficiency and accuracy of genetic similarity estimates. Bread wheat, however, exhibits an extremely low level of variation when genetic markers based on restriction fragment length polymorphism (RFLP) are used (Bryan et al., 1999) , but is much more polymorphic with respect to microsatellite makers.
Microsatellites or simple sequence repeats (SSRs), short tandemly repeated sequence motifs with a repeat length of a few base pairs (1-6 bp) flanked by conserved single-copy DNA sequence regions, are often highly variable in the number of repeats they contain and hence show high levels of genetic variation. They are abundant and widely distributed in most eukaryotic genomes, and the hypervariability of microsatellites and their usefulness in the construction of genetic maps has been shown in many species ranging from the cereals to trees (Saghai-Maroof et al., 1994; Bruschi et al., 2003) .
'Barbela' is a collective name for a Portuguese wheat landrace that has been referred to in the literature for more than one century (Lapa, 1865; Coutinho, 1884) , and at least four morphological variants have been described (Vasconcelos, 1933) . A large germplasm collection of the 'Barbela' wheat landrace was made across the north inner region of Portugal, based on individual spikes collected in farmers' fields . 'Barbela' has some introgression from rye (Ribeiro-Carvalho et al., 1997 ), which could be associated with good agronomic performance (see review in Ribeiro-Carvalho et al., 2001) , with phenotypic plasticity allowing wide adaptation to different edapho-climatic conditions. Igrejas (1997) and Nascimento et al. (1998) have studied the diversity of wheat storage proteins comprising high-and low-molecular weight glutenin subunits (HMW and LMW-GS) and w gliadins, in 155 lines of the same collection of this landrace, and identified 57 different patterns.
Assessment of the extent of genetic variability within a variety of landrace has important consequences for plant breeding and conservation of genetic resources. It is useful in the characterization of individual accessions and cultivars and as a general guide in the choice of parents for breeding hybrids. It is important to have this information for germplasm collections, to determine the range of diversity in accessions relative to that in the field, and to determine levels and changes in diversity among farms (particularly for landraces), in wild populations and during long-term maintenance of collections. In this study, the aim was to apply microsatellite markers, for the estimation of genetic diversity in a 'Barbela' germplasm collection, to assess levels of genetic variation between populations.
M A T E R I A L S A N D M E T H O DS

Plant material
Fifty-nine lines of Triticum aestivum 'Barbela' wheat were selected at random from 4000 accessions of single spikes collected from various fields of three sub-regions (agrarians) in the north inner region of Portugal (Fig. 1 , and indicated next to line designations in Fig. 2 ) under 'Project Barbela' (PDRITM II; see Guedes-Pinto et al., 1998) . Code numbers of collection fields are indicated by the second number of the line designation (Fig. 2) , and detailed localities are available from Project Barbela, UTAD, Portugal. Additional lines studied included wheat 'Chinese Spring' and the Portuguese rye 'Gimonde'. Relevant 'Chinese Spring' aneuploids and rye substitution lines were used to check amplification bands originated from chromosomes as expected.
Molecular analysis
Genomic DNA was extracted from fresh leaves following the procedure of Sharp et al. (1988) with minor modifications. A total of 57 primer pairs flanking microsatellites described in Bryan et al. (1997) , Röder et al. (1998) and Pestsova et al. (2000) were tested, and 27 were selected for detailed analysis because of successful amplification, presence of polymorphism, a well-resolved fragment pattern and genomic location. Their sequences and chromosome arm locations are shown in Table 1 .
PCR amplification and product analysis
PCR amplifications were carried out in 15-mL reaction volumes using the reaction mixture of Röder et al. (1998) : 250 nM of each primer, 0Á2 mM of each dNTP, 1Á5 mM MgCl 2 , 1 U Taq polymerase (Roche), and 50-100 ng genomic DNA from the lines studied. A PCR protocol was used: 3 min at 94 C, than 45 cycles (or 35 cycles for PSP primers) were performed for 1 min at 94 C, 1 min at the annealing temperature (55-63 C as published), and 2 min at 72 C, followed by a final extension step of 10 min at 72 C in a MJ Research or Biometra thermocycler.
Amplification products were separated on a 6 % denaturing polyacrylamide (19 : 1 acrylamide : Bis) gels 20 · 30 cm long, containing 8 M urea and 1· TBE buffer (90 mM Tris-borate, 2 mM EDTA), 0.35 mm thick cast between glass plates. Along with size marker tracks (1 kb DNA ladder), 5 mL of each sample [2Á5 mL of loading buffer (98 % formamide, 10 mM EDTA 0Á025 %, xylene cyanol 0Á025 %, bromophenol blue) and 2.5 mL of PCR products] was loaded after a 3-min denaturation at 95 C in a thermocycler, and kept on ice until loading. Samples of 5 mL were separated by electrophoresis in 1· TBE buffer at 80 W constant power for 80 min. Products were visualised by silver staining as described by Bassam et al. (1991) . Briefly, gels were fixed for 30 min in 10 % acetic acid, rinsed three times with water and stained in 0Á1 % silver nitrate and 0Á05 % formaldehyde for 30 min. After a quick rinse (<10 s) microsatellites were revealed by the addition of developer (3 % sodium carbonate, 0Á05 % formaldehyde, 2 mg L À1 of sodium thiosulphate). Image development, at a maximum temperature of 12 C, was allowed for 3-10 min. The reaction was stopped by addition of acetic acid (10 %), gels were rinsed in water, and dried at room temperature. Permanent images were made using Kodak duplicating film or a flatbed scanner. The presence or absence of bands in the published size region (Table 1) was scored, taking polymorphisms and allelic differences into account.
Statistical analysis
The number of di-or tri-nucleotides of the SSRs over all 59 'Barbela' lines and for each locus were calculated based on the data for each locus given by the original authors (see Table 1 ), assuming that size differences of fragments (other than absence) are only due to alterations in the repeat number of the appropriate microsatellite sequence. Genetic dissimilarity (GD) between 'Barbela' lines was calculated according to the model presented by Nei (1972 Nei ( , 1978 , and Wright (1978) . The presence or absence of each fragment was scored in binary data matrix. 1·93 0·20 F I G . 2. Dendrogram of 59 'Barbela' wheat landrace collections and the unrelated wheat 'Chinese Spring' based on the genetic dissimilarity calculated from the data of 34 microsatellite loci, using UPGMA clustering method (Nei, 1972) . Origin of line indicated by * Planalto, ** Tera Quente, and no mark Terra Fria or 'Chinese Spring'.
Genotypes were grouped by cluster analysis according to their relationship, using the average linkage between groups fusion method [UPGMA (unweighted pair group method with arithmetic average)] in NTSYS-pc, version 2-10a (Rolph, 2000) . Polymorphism information contents (PIC; Botstein et al., 1980;  or gene diversity of Weir, 1990) were calculated and used to represent the value of a marker for detecting polymorphism within a population, depending on the number of detectable alleles and their frequency distribution. The occurrence of rare alleles has less impact on PIC than alleles occurring with high frequency. Here we used the simplified formula of Anderson et al. (1993) , assuming that the inbred wheat lines are homozygous. For marker i, the PIC was calculated using
where p ij is the frequency of the jth allele for marker i summed across n patterns. This value provides an estimate of discriminatory power of a microsatellite locus by taking into account not only the number of alleles per locus, but also their relative frequencies in the population studied.
RE SUL TS
Microsatellites
The 27 microsatellites gave informative results and were used to analyse the 59 lines of 'Barbela' in detail ( showed co-migrating prominent bands. The band sizes were readily interpretable from the polyacrylamide gels used. A total of 34 loci and 162 alleles were detected with these 27 microsatellites ( Table 2 ). An additional 17 alleles of the same loci were detected in 'Chinese Spring'. Table 1 gives the characteristics of the PCR-amplified fragments including the published information based on 'Chinese Spring', 'Opata' and a synthetic hexaploid, and the fragment sizes, allele size range, the number of alleles and PIC value for the amplified products in 'Barbela' lines in this study. The number of alleles per microsatellite ranged from two to 11 with an average of 4.77 alleles per locus (Table 2) . Two microsatellites detected three loci, one in three homoeologous group 2 chromosomes and the other to 2AL and the two arms of 6A. Another three microsatellites detected two loci, one in homoeologous chromosomes 2D and 2A and the other two in different chromosomes. The 22 remaining microsatellite markers detected a single locus.
Polymorphism information content
The average value for PIC for all microsatellites used was 0Á52 (Table 2) . Three microsatellites, all with nine alleles, had a PIC value higher than 0.80 (Table 1) . The microsatellite with 11 alleles had a PIC value of 0Á74, lower because many alleles were rare. For chromosome arms, the highest PIC was 0Á86 on chromosome 2DL (a chromosome known to include a rye chromosome segment in some of the lines; Ribeiro-Carvalho et al., 2001) , with a range down to chromosomes 6AL and 2AL with PICs <0.1 (Table 1) . Across the A, B and D genomes, the distribution of PIC values ranged from 0Á30 to 0Á58 with mean alleles per locus for the genomes A, B and D of 5Á71, 2Á71 and 4Á85, respectively ( Table 2 ). The PIC mean was similar for genomes A and D and significantly lower (Fischer's F-test, P < 0Á05) for the B genome. The means of PIC values and the number of alleles were similar in the short and long arms. Six microsatellites were analysed on chromosome arm 2DL, showing high PIC values with 0Á66 and 5Á5 alleles per locus ( Table 2 ), values that are higher, but not significantly so, than the average for all chromosome arms (0Á49 and 4Á61 respectively). On chromosome arm 2DL the allelic sizes of the six microsatellites enabled 22 individual genotypes and 17 groups from a total of 59 genotypes and 'Chinese Spring' to be distiguished.
Within each of the three sub-regions (Fig. 1 , and asterisks in Fig. 2) , the PIC values (Table 3) were similar (F-test, P ) 0Á05). Of individual microsatellites, the highest PIC value and allelic value were shown by GWM539 in all three sub-regions (Planalto, Terra Fria and Terra Quente), whereas the lowest PIC and allelic number were not exclusively the same (Table 3) . Three or four spikes were sampled from three populations (a population equated to a single farmer's field), and these gave lower PIC values of 0Á26 (population 91 with four lines), 0Á25 (population 94 with four lines), and 0Á34 (population 88 with three lines). Among these three populations, the highest PIC value (0Á67) was shown by six microsatellites in population 88, GWM304 and GWM192 in population 91, and GWM610 in population 94.
Dendrograms
The scores of microsatellite alleles were used to generate dendrograms showing relationships of the 'Barbela' lines and 'Chinese Spring' wheat with three different algorithms in the program NTSYS-pc (Nei, 1972 (Nei, , 1978 Wright, 1978) . Results and conclusions were similar in all trees, and only the one based on Nei (1972) is shown here (Fig. 2) . The coefficient of dissimilarity for all the possible 1711 pairs of genotypes ranged from 0Á23 to 2Á43, and no well-supported clusters were identified among the 59 accessions. 'Chinese Spring' was distinct from the 'Barbela' lines. A division of the 'Barbela' lines into groups from the three sub-regions (Fig. 1) revealed no clusters in the dendrogram.
D I S C U S S I O N
Twenty-seven microsatellite primer sets detected 34 microsatellite loci and 162 alleles in 59 lines of the wheat landrace 'Barbela'. Polymorphism was high and each line was distinct. Genomic SSR markers have been used for discriminating between genotypes in bread wheat Röder et al., 1995; Bryan et al., 1997; Prasad et al., 2000; Stachel et al., 2000) , and the present results show that the same markers are informative even in wheat genotypes that are distant from most cultivars. Minimal attempts were made to adjust microsatellite amplification conditions in 'Barbela', so about half of the initial 57 primer pairs tested were discarded after the first screen. Missing amplification products for some primers and some lines are most likely due to sequence alterations in primer sequences (such as T A B L E 2. Partial analysis of PIC for genomes, chromosomes, chromosome arms and chromosome 2DL point mutations, deletions, inversions, or rye introgression; see below). Throughout the range of the landrace, there was a similar level of polymorphism, and no clear branches in trees of relationships (Fig. 2) divided accessions from the different geographic regions (Table 3) , indicating the landrace is a homogeneous genetic entity within regions, fields and populations. The 'Barbela' accessions group away from the outgroup wheat variety 'Chinese Spring' (which showed alleles unrelated to those in 'Barbela' in half of the microsatellites analysed). The average PIC in the present study was 0Á52 from the 'Barbela' accessions, somewhat lower in this single aggregate landrace than the 0Á63 that Röder et al. (1995) found with 15 primer pairs among a set of 18 wheat varieties, and the 0Á58 found by Bryan et al. (1997) in wheat varieties (monomorphic loci were excluded in all analyses). Thus the single landrace 'Barbela' showed a PIC value that was only slightly lower than that between different commercial wheat cultivars that are in principle more genetically heterogeneous. A survey using 55 more diverse wheat genotypes from 29 countries from six continents gave a higher average PIC of 0Á71 (Prasad et al., 2000) . It is worth noting that a Portuguese landrace, 'Tremês mole' (also reported as 'Tremez molle') included in the study of Prasad et al. (2000) was unique and diverse with respect to other genotypes. There is novel variation within 'Barbela' that is useable by breeders, and the landrace is more homogeneous than the diverse wheat lines used in broader surveys of diversity. This indicates that the farmers maintain diversity within the selection they make to maintain the characteristics of the 'Barbela' landrace. The high levels and similarity of the variation from different areas contrasts with the situation in non-cultivated species including grasses (e.g. Psammochloa; Li and Ge, 2001 ) and oaks (Bruschi et al., 2003) where molecular marker (genetic) distances correlate with physical and geographical distances between accessions.
The B genome showed a lower PIC than the other genomes (Table 2) , although Bryan et al. (1997) and Stachel et al. (2000) found the lowest PIC values in the D genome (0Á38 vs. 0Á49, and 0Á48 vs. 0Á62, respectively). It has been reported that some 'Barbela' lines show introgression of rye chromatin in a distal position on 2DL (Ribeiro-Carvalho et al., 2001 ) and this may relate to the higher variation seen in the D genome. Genetic diversity is often related to recombination frequency and, with the physical length of the chromosome arm, as long arms accommodate more cross-overs with less interference. Lukaszewski and Curtis (1993) reported that recombination in the short arms was concentrated in terminal regions and was virtually absent in proximal and interstitial positions, while interstitial recombination was consistently detectable on long arms. In the present case, neither the B genome nor long chromosome arms showed any tendency for higher PIC values or more alleles per locus (Table 2 ) than short arms. Like Röder et al. (1995) , Bryan et al. (1997) and Stachel et al. (2000) , no correlation was found between the length of the microsatellite repeat and the level of polymorphism, as estimated by the number of alleles or by PIC values. Also, as in previous studies (Prasad et al., 2000) , there was no direct correlation between the number of alleles at a locus and the PIC value.
In conclusion, it has been shown that using a small number of microsatellite markers allows detection and measurement of polymorphism and genetic diversity among accessions of the wheat landrace 'Barbela'. Agronomic, societal and genetic factors are probably all involved in maintaining both the identity and the variability of the 'Barbela' landrace. Its good agronomic characteristics on marginal wheat lands are likely to mean that collections are distributed by farmers, and season-to-season variation may select for high genetic variation and perhaps heterozygosity, thus avoiding genetic bottlenecks. The regional distribution only on marginal lands may help ensure integrity of the landrace. The high genetic diversity of 'Barbela', some T A B L E 3. Mean, highest and lowest polymorphism information content and mean highest and lowest number of alleles for 'Barbela' lines from three different sub-regions of the north inner region of Portugal (Fig. 1 
L I T E R A T U R E CI T E D
